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DIEL BIOLUMINESCENCE IN HETEROTROPHIC AND
PHOTOSYNTHETIC MARINE DINOFT AGFLT ATFS
IN AN ARCTIC FJORD

DAVID LAPOTA*®, DAVID K. YOUNG?, STEHEN A. BERNSTEIN:,

MARK L. GEIGER), HOWARD D. HUDDELL' AND JAMES F. CASE!
*Naval Ocean Systems Center, Marine Environment Branch, San Diego, Calitornia 92152-5000, USA
‘Naval Oceanographic & Atmospheric Research Laboratory, Oceanography Division, Stennis Space Cep

Mississippi 39529-5004, USA. tMarine Sciences Institute, University of California, Santa Barbara, Cal* -,
43100, USA. ‘Naval Oceanographic Office, Code OWSL, Stennis Space Center, Mississippi 39529-500.

Oceanic and coastal bioluminescence in surface waters, in many instances, is produce
by microscopic dinoflagellates. Their light emission is usually observed at a maximum
during the night hours and markedly inhibited during the dav. This diel periodicity has
never been observed in situ for identified species and never before in heterotrophic
Protoperidinium dinoflagellates. Pronounced differences in stimulable bioluminescence
measured with bathyphotometers in Vestfjord, Norway in September 1990 correlated with
simultaneous ship-board laboratory experiments. Cells of both the photosynthetic Ceratium
fusus and heterotrophic Protoperidinium curtipes showed a pronounced inhibition of biolu-
minescence during the day and maximum bioluminescence at night.

INTRODUCTION

Oceanic bioluminescence in the surface waters of the world’s oceans is produced by
numerous microscopic photosyntheticand heterotrophicdinoflagellates (Kelly & Katona,
1966; Kelly, 1968; Tett, 1971; Tett & Kelly, 1973; Kelly & Tett, 1978; Filimonov &
Sadovskava, 1986; Lapota et al., 1988). Their light emission is at a maximum during
scotophase (night hours) with minimal light emission expressed during photo; hase
(day hours). This light-controlled diel periodicity in bioluminescence has been observed
repeatedly in the field for mixed populations of dinoflagellates (Backuseet al., 1961, 1965;.
Clarke & Kelly, 1965; Kelly & Katona, 1966; Kelly, 1968; Yentsch & Laird, 1968; Lap«-ta et
«l. 1988) and in laboratory measurements of cultured-photosvnthetic dinoflage!!ates
iHaxo & Sweeney, 1955; Sweeney & Hastings, 1957; Hastings & Sweeney, 1958; Big -ley
¢ al., 1969; Sweeney, 1979) but never in situ for identified populations, and never betore
it heterotrophic Protoperidinium dinoflagellates. Pronounced differences i+ «timulable

*bivluminescence, most recently measured with twobathvphotometers at the - irface and
at depth between middav and midnight in Vestfjord, Norway, correlated with simuilta-™—

neous ship-board laboratory experiments, Both the photosvnthetic cells of Cesatim tusus
(Ehrenberg) Dujardin and the heterotrophic dinoflagellate Protoperiding-n curtipes
Jorgensen showed a pronounced inhibition of bioluminescence during phot. :phase and
maximum bioluminescence during scotophase. i bdu. O
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Measaements. cotnpleted carther dunmg: the Northenn Digas eapedition revealed
that the donunant hyghi producimy plankton were o fisas and 1 o hipes Phese obser-
Vahions permitted i to hypothesize that the field eftects see measared mav be attributed
to the diel rhvthms of bolununescence expressed i these speaes. To verity these
sbservations we tested dimothapellate cells of both species tor thenr del changres n
Drolummescent response n the shiprsfaboratory particulary when marked inereases in
Brolumuinescence were measured an st n the tiekd this was marked by the onset of
sunsetorsunrise A new v de cloped bathvphotometer, High lntake Detined Excatation
(HHDEX), able to measure the vertical distribution of bioluminescence from the surface
to a depth of 100 m, was deploved prior to sunset (approximately 1830 local time) to
measure changes in bioluminescence during increased darkness. The object of these
activities was to measure the change in light output in both dinoflagellate species from
sunset into the dark hours, and to verify these laboratory measurements with concurrent
field bathyphotometric measurements. -

MATERIALS AND METHODS

Bathyphotometer and ship-board measurements

I Rt R

Bathyphotometer casts of the vertical distribution of bioluminescence were made in
Vestfjord, Norway at 68°15'N 15°49’E. A night profile cast was conducted at 2314 13
September 1990 and a day profile was conducted at 1400 the following day.
Bathyphotometer casts conducted near midnight at this station and at other stations
within Vestfjord showed that maximum bioluminescence increased no more than 20%
following the rapid increase in bioluminescence following dusk. The descent of the
bathyphotometer from the surface to a depth of 92 m at night and 100 m during the day
was 7 min (2:2-2-4 m resolution). Bioluminescence was measured by pulling sea-water
pastan RCA 8575 photomultiplier tube (PMT) operating in the photon count mode. PMT
pulses were integrated every 10s during the descent and ascent with a real-time output
displayed on a computet as average counts s, later converted to photons s’ ml"! of sea-
water. Sea-water temperature was also measured with a Sea Bird temperature probe
(Model SBE-3) while chlorophyl! fluorescence was measured in siti with a Sea Tech
fluorometer. This version of the bathvphotometer has been desciibed (Lapota et al., 1989),
The bathvphotometer was calibrated with the luminous bacteria Vibrio haroeynr and
~olutions of the bacterium at several known source strengths were measured in the
sample chamber of a Quantalum detector (Matheson et al., 1954). Multiple profiles to
measure stimulated bioluminescence during the dusk hours on 25 September were made
using the HIDEX bathyphotometer developed at the University of California, Santa
Barbara. The high flow characteristics (20 1 of sea-water s ') and large light-integrating
chamber of the system make it possible to do high speed profiles with signiticant
reproducibility (Case et al., 1990).

Two ship-board photometer systems also measured stimulated bioluminescence
within a darkened flow through chamber. The intake pipe within the sea chest, located
in the engine room of the ship, was positioned through the ship’s hull at a 3 m depth
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Prurig the mphtand muddas casts seaswater temperature was mised toa depth or 30
m A stromg thermochine was measured at thisdeptiethe temperature dereasing: tron
P Catdt mito s Cat 9o m bgure 2A). Chlorophyll fluorescence displaved a simnba
end mthe mived Laver and peak chlorophvll concentrations were cimilar tor both dan

and night 0007 4 T bl however the madday peak was measured gt a dept o 2

new lule the tig it measurements displaved two lavers at 2emand 35 g O
During the dusk time-series conducted with HIDEX on 25 September, nvdSmian
boluminescence was always measured atadepth ot 32 m trom the start (G830 to theend
(2120 of these measurements (Figure 3). Bioluminescence increased sin-told during the
seven profiles conducted in less than 3 h. Maximum stimulable biolunminescence -
creased to 3x10° photons s ml' sea-water during, the course of the ecarlv evening,
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Fzure 3 Muluple profiles of measured bioluminescence using the UCSE HIDEX bathyphotometer at
Station o in Vestlord, Norwayv. Seven profiles were conducted in less than 3 1 duning this ausk tis
~eries. Maximum bioluminescence was always measured at a depth of 32 moan this senes

Plankton analysis and light buagets

Maximum numbers ot dinotlagellates (1759 cells | at midday thgure 44 wen
observed at a depth of 10 m below the sea_surface while maximum numbers ot
dinoflagellates at night (1842 cells 1) were collected at a depth of 25 m at night (Figure
1B). Bicluminescent dinoflagellates followed similar trends; however, their numbers
represented only 6 and 9% of all dinoflagellates for the nudday and might caste
respectively. Dinoflagellates decreased markedly below the thermocline. There were e
and 25 times tewer dinotlagellates at 50 m than at 40 m for both the rudday andsaagshi
casts, respectively, ’

The depth distribution of the luminescent Ceratinm and Protopersdimon dinotlagel
lates differed with respect to middavy and night casts. Maximum numbers ot C. fesges 047
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Figure 4. Total dinoflagellates and bioluminescent dinoflagellates colle-te  at(A) midday and (B) night
at Station 6, 13 September 1990. The maximum number of cells for both components was 20 m
shallower at midday than at night.
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Figure 6. Calculated bioluminescent light budgets for (A) the midday cast and (B) the night cast The
common feature between the two budgetsis thedominant contribution by Ceratium fusus at the shallow
depths replaced by Protoperidinium curtipes with increasing depth. Both Conchoecia and Metndia
increased their impact on the light budget at night.

cellsI'") were collected ata depth of 10 m for the midday cast (Figure 5A) while maximum
numbers of these cells were collected at a depth of 25 m (106 cells I") for the night cast
(Figure 5B). Protoperidinium spp. dinoflagellate cells remained fairly constant in abun-
dance between casts (56-58 cells 1) at a depth of 30 m (Figure 5). Light budgets were
constructed for profiles from the pumped samples for both the midday and night casts,
and bioluminescent crustaceans were collected in the vertical net tows and their
contribution to the light budget calculated (Figure 6). Both Motridia longa and M. lucens
copepods and the ostracod Conchoecia elegans were the dsminant light-producing
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souplankton. Furaiha of Mecanyetiphines werte itermittently Present m bow nambers
Both hyht budpets were donunated by o pesieand Protoperd i dinothagellatos
within the upper Stm. Conchoecia and Metrud domimated the hyht budgets at 75 and oo
m below the sea surtace.

Laboratory measurements

Ceratrum fusus exhubited mimimum and maximunt mean light output values of 2310
(1200) and Ix107 (V200) photons cell®, respectively tstimulable light per 40 <.
Pretoperidinitim curtipes exhibited minimum and maximum mean light output values of
2x107 (1200) and 5x10° (0200) photons cell”, respectively (stimulable light per 40 s). The
largest rates of change in bioluminescence intensity for C. fusus, in the laboratory,
occurred between 1700 and 1800, while that of P. curtipes occurred later, between 1800
and 2000. Over these time intervals Ceratium increased its mean light output 29-fold
while Protoperidinium increased its mean light outputd37-fold. Protoperidinium curtipes
emitted about five times more light than C. fusus at 0200. In contrast, laboratory cells of
P.curtipes decreased their light output 47-fold between 0400 and 0600, while light output
in C. fusus diminished 1760-fold following sunrise at approximately 0600 (Figure 7).
Ceratium fusus emitted 53 times more light at 0200 than 1200, while P. curtipes produced
2700 times more light at 0200. Night light-output values for both C. fusus and P. enrtippr—=-
inthis study fall within the samerange of intensity for other coastal dinoflagellate species
observed in previous studies (Table 1).

Ship-board measurements

Field measurements of surface bioluminescence were recorded for more than 30 h with
ship-board photometers. The diel periodicity from one day to the next is apparent in
Figure 8, as minimal intensity was measured from 1200 to 1300, while maximum
intensity occurred from 2000 to 0400. Maximum bioluminescence levels ranged from 1-
3x10° photons s! ml" of sea-water while minimum bioluminescence was 2-3x10° photons
s ml" sea-water. The three orders-of-magnitude change near the surface in the field is
consistent with cells tested in the laboratorv. Bioluminescence at the surface increased
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Figure 7. The diel vanation of bioluminescence i isolated dinoflagellate colis meas o in the shapy's
laboratory . A third-order polvnomial curve was titted through the mean values te extuet the did
character of hioluminescence in both Ceratram fusus and Protoperiditiies: et The error bars
represent two standard deviations from the mean value.
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Figure 8. The diel periodicity of bisluminescence within Vestfiord, Norway at a 3-m depth at Station
6 for 30 h (1158 on 24 September to 0615 on 26 September 1990). Maximum bioluminescence was
maintained throughout the night following minimum levels of bioluminescence, and ranged from
0% to 3x10° photons s ml sea-water.

trom 1300 to approximately Sx107 photons s ' ml ' sea-water at 180 Bioluminescence at
sunset increased by a factor ot tour ata depth of 32 m(Figure 3 Thissame trend was also
measured at the sea surtace and bicluminescence increased two-fold in intensity from
2030-2120 at depth and remained at 3x10° photons s ' ml! sea-water throughout the night
hours,

DISCUSSION

Thegreatest rates ot change in lght output for the laboratory vells comade with depth
and surtace held measurements. The lack of increased bioluminescence below 50 m
during this period would support the hvpothesis that the mea-ored diel luminescence
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hminescent copepods Metradia longa ubbock) and M icers Boeck were collected in
aur pumped samiples and nettows However, there s no evdence that these and sinular
biolummescentcopepads exhibitany diel rhythman lightoutput (Evstigneey t!m‘vukm
1986; Herrng, 1988). Avoidance of the detector by these copepods is unlikely becausd ol
the large volumes of water which the HIDEX bathyphotometer pulls into its sampling
chamber 201 sea-water < 1 These copepods discharge 2 3 orders st-magnmitude more
light than do dinoflagellates tLapota et al., 1989). If sutticient number s ot these copepods
were present throughout the water column, then the diel penodicity we measured
should have been greatlv dampened or eliminated entirely. Additionally, analysis of the
nettowsat these depths indicates that the low numbers of Metrudia collected (<Im ) made
minimal contributions to the light budget calculated for dinoflagellates and zooplank-
ton. There are similar trends for both caleulated light budgets as expected, based on the
similarity ot bioluminescent dinotlagellates, copepods, and ostracods. Both budgets
were constructed for the night phase; however, the nudday hight budget wouldd actually
look quite different because photoinhibition would reduce the light outpet of both
species of dinoflagellates at the ocean surface to levels comparable to laboratory
measurements (Figure 7). These inhibition factors may be less for cells found at greater
depths because of decreased ambient light levels. The midday bioluminescence cast
should certainly reflect these photoinhibition processes, coupled with the extremely low
numbers of luminescent ostracods and copepods collected in our nets.

Differences in the vertical distribution of the luminescent Ceratium fusus and the
apparently unchanged peak of bioluminescence measured during either midday or
night raises several interesting questions. The first being that at a depth of 30 m,
Protoperidinium curtipes is the major light-emitter, either at midday (although at a much
reduced intensity) or during the night, if one examines the cell distributions (Figure 5)
orthelight budget (Figure 6). Theother aspect, which may not be reflected in the midday
bioluminescence profile (Figure 1), is the shallower distribution of C. fusus at mldday
than at night, which might imply a vertical migration by thesc cells up to a depth of 10
m below the sea surface as opposed to their 25-m peak layer night distribution. There i«
substantial evidence for circadian rhythms in the vertical migrations of dinoflagellates
(Levandowsky & Kaneta, 1987). Cells of Ceratium furca were observed to migrat
rhythmically up and down in a laboratory culture in complete darkness for six days
(Weiler &Karl, 1979) and C. fusus has beerrobserved to swim at speeds from 0-23 to 1
m h! (Peters, 1929; Hasle, 1964). It is possible that our sampling has detected the diurna.
migration of C. fusus and other Ceratium dinoflagellates (Figure 4).

The diurnal variation of bioluminescence has not been demonstrated in isolated cells
of cither . fususor P. curtipes with concurrent field measurement~. While phiotoinhibition
of bioluminescence in several species of Protoperidinium was demorsiratéd™n the
laboratory using lamps of varying spectra and intensity, a dicl variation of biolumines-
cence ha- never before been demonstrated in recently isolated field populations of '
curtipes < Filimonov & Sadovskava; 1986; Tvul’kova & Filimonov, 1981). [t appears that
1" - urtip~ mav be more photoinhibited by ambient light condons at midday than the
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Photosynthetic cells O s However, PLoctertipes emitted tive times more Iight per cell
AU might thignne 71 Sovtace Biolumineseence (Figure 8) and laboratory measurements
Frure 7y mught also reflect a circadian rhythm of bioluminescence independent ot
external light levels, Broluminescence decreased while still dark before sunrise at 0600
(Fieure 8 . T

The laboratory measurements confirm the temporal field measurements of minimum
and maximum intensity, the periods of increasing and decreasing bioluminescence, and
the diel change in bioluminescence. Both laboratory and in sitn measurements, while
quite ditferent in execution, have identified similar trends within the data sets. Indi-
vidual variations in the range of intensities (from midday to midnight) from location to
location is certainly a reflection of the diel bioluminescence change inherent in each
species, and to the composition of the species present spatiallv and temporally. Both
muethods (field and laboratory) produce a consistent picture of the nature of dicl
periodicity of bioluminescence in these species.

We thank the Captain and crew of the USNS ‘Bartlett’ for making these measurements possible.
We also wish to thank Dr P.}. Herring (Institute of Oceanographic Sciences) for his comments and
suggestions which greatly strengthened this work. G.J. Moskowitz revised several figures and this
is appreciated. This work is dedicated to the late B.P. Boden (Rhodes University, Grahamstown,
South Africa) and H.D. Huddell (US Naval Oceanographic Office, Stennis Space Center, Missis-
sippi, USA) for their significant contributions to and uncompromising support of the field of
oceanic bioluminescence.
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